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Al and Y modiﬁed silicide coatings on the Nb–15Si–22Ti–(2,14)Cr–2Al–2Hf–2V alloys (where the alloy with 2 at% Cr or 14 at% Cr is hereafter referred
to as 2Cr and 14Cr alloy, respectively) was prepared by pack cementation. The microstructural evolution and the oxidation behaviours of the coating 2Cr
and 14Cr samples at 1250 1C were studied. The 2Cr alloy consists of Nb solid solution (NbSS) and α-Nb5Si3 silicide, while the Laves C15–Cr2Nb phase
arised in the 14Cr alloy. The coating structure of the coating 2Cr sample contained the outer (Nb, X)Si2þ (Nb, X)5Si3 layer, the middle (Nb, X)5Si3 layer
and the inner undeveloped intermetallic (Nb,Ti)3(Al,X) layer; the structure of the coating 14Cr sample consisted of the outer single (Nb, X)Si2 layer, the
middle (Nb, X)5Si3 layer, the transition (Nb,Ti) (Cr,Al) layer and the inner (Cr, Al)2(Nb,Ti) layer. The coating 14Cr sample exhibited better oxidation
resistance than the coating 2Cr sample. With an outer single (Nb, X)Si2 layer, a compact oxide scale consisting of SiO2 and TiO2 formed on the coating
14Cr sample, which can efﬁciently prevent the substrate from oxidising. For the coating 2Cr sample with an outer (Nb, X)Si2þ (Nb, X)5Si3 layer, the oxide
scale of the SiO2, TiO2, Nb2O5 and CrNbO4 mixture generated, and the scale spalled out from the surface of the sample, resulting in disastrous failure.
& 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nb–Si based alloys with a dual-phase Nb/Nb5Si3 microstructure
have considerable potential to be high-temperature structural materi-
als due to their low density, high melting points, excellent creep
strength and acceptable room-temperature fracture toughness [1–9].
In the dual-phase Nb/Nb5Si3 microstructure, the room-temperature
toughness and the high-temperature strength and creep resistance can
be supplied by the ductile Nb phase and the stiffening Nb5Si3
silicide, respectively; however, both of them exhibit poor oxidation
resistance because their parabolic constants of the oxidation kinetics
curves are as high as 2.06 104 μm2/h [10]. This poor oxidation
resistance results in disastrous consequences when the Nb/Nb5Si3
alloys are in service in an oxygen atmosphere at high temperatures.
To improve the oxidation resistance, alloying the Nb–Si alloys
by Cr, Al, Hf, Sn and B [11–13] is an effective approach. The/10.1016/j.pnsc.2015.09.007
15 The Authors. Production and hosting by Elsevier B.V. on behalf
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nder responsibility of Chinese Materials Research Society.addition of Cr to Nb–Si based alloys inhibits the oxidation of the
Laves Cr2Nb phase and reduces the oxygen diffusion and
solubility in Nb, thereby enhancing the environmental stability
of Nb–Si-based alloys at high temperatures [11–13]. A short-term
goal of a material thickness loss of 200 μm in 10 h of air
exposure at 1370 1C has been successfully achieved for Nb–Si–
Cr ternary-based alloys with a tri-phase Nb/Nb5Si3/Cr2Nb
microstructure [14–16]. Therefore, the Nb, Nb5Si3 and Cr2Nb
phases are the basic phase constituents for a designed Nb–Si
based alloy. Subsequently, optimisation of the microstructure and
determination of the properties dependent on the Nb, Nb5Si3 and
Cr2Nb fractions become urgent issues in developing Nb–Si-based
alloys with a balance of room-temperature toughness, high-
temperature strength and oxidation resistance. The Cr-free Nb–
Si based alloys with no Cr2Nb phase were reported to show the
mass gain above 250 mg/cm2 at 1250 1C for 100 h [17], and they
were found to be usually exhausted in several hours. Compara-
tively, the mass gain of a Nb–22Ti–14Si–2Hf–2Al–xCr alloy
oxidised at 1250 1C for 100 h decreased from 200 mg/cm2 to
60 mg/cm2 when the Cr content increases from 2 at% to 17 at%of Chinese Materials Research Society. This is an open access article under the
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content is due to the higher amount of the Cr2Nb phase.
Unfortunately, this improvement was still far from the require-
ment of actual high-temperature applications in the oxidising
environments, and we cannot unboundedly increase the fraction of
the Cr2Nb phase because more Cr2Nb may decrease the fracture
toughness of the bulk alloys [17]. Manufacturing approaches of
protective coatings that can form dense, adherent and slow-
growing oxide scales, such as pack cementation, are the most
promising approaches to improve the environmental stability of
the Nb–Si based alloys at high-temperatures and have been
developed to augment alloying [19–21]. A report in the literature
indicated that an NbSi2 coating formed at the surface when silicon
was deposited onto the Nb–Si substrate and the protective glassy
SiO2 scale was formed on the NbSi2 coating, stopping the oxygen
diffusion from the atmosphere further into the substrate [20]. Such
pack cementation silicide coatings further modiﬁed with Ge, Al,
B, Cr and Y [22–24] have also been found to be beneﬁcial in
improving their oxidation resistance of the Nb–Si based alloys. To
date, two types of the Nb–Si based alloys with typical NbSS/
Nb5Si3 and NbSS/Nb5Si3/Cr2Nb microstructures have been devel-
oped. The two-phase NbSS/Nb5Si3 microstructure has a balance of
the room temperature toughness and high temperature strength [1–
9], whereas the NbSS/Nb5Si3/Cr2Nb microstructure shows better
oxidation resistance [14–16,18]. In the present work, the above
two microstructures were used as the substrates on which the
coatings have been prepared using the Si, Al and Y2O3 co-
deposition pack cementation technique. We will focus the effect of
the substrate composition on the coating structures and their
oxidation behaviours. This comparative investigation considers the
universality of the oxidation behaviours of different Nb–Si
substrates under the same pack cementation mixture and proces-
sing parameters, which may guide the composition and micro-
structure design of the Nb–Si based substrates with balanced
properties of strength, toughness and oxidation resistance.2. Material and methods
2.1. Specimen preparation
Button ingots of the Nb–Si based alloys with nominal
compositions of Nb–15Si–22Ti–(2,14)Cr–2Al–2Hf–2V(at%)
(where alloy with 2 at% Cr or 14 at% Cr is hereafter referred
to as 2Cr or 14Cr alloy, respectively), each with a mass of
1500 g, prepared by vacuum non-consumable arc-melting
(VCAM) through ﬁve or six cycles in an argon atmosphere,
were used as substrates for the coating tests. The purity of all
the raw elements was 99.9% (by mass) or higher. The ingots
were subsequently heat treated at 1350 1C for 50 h in a high
vacuum heat treatment furnace to stabilise the microstructure.
Isothermal oxidation specimens of 10 mm 10 mm 3 mm
cubes were cut from the heat-treated ingots using an electro-
discharge machine. The specimens were then mechanically
polished using 1000-grit SiC paper with water, followed by
ultrasonic cleaned in acetone before coating preparation. Note
that the sharp increase in the nominal Cr contents from 2% to14% is to form Nb–Si based alloys with typical two-phase Nb/
Nb5Si3 and three-phase Nb/Nb5Si3/Cr2Nb microstructures.
2.2. Processing of the coatings
Pure Si, Al, Y2O3, NaF and Al2O3 powders were used as
donor sources, activator and ﬁller of the pack cementation
mixture. The pack cementation mixture was composed of
10 wt% Si, 10 wt% Al, 2 wt% Y2O3, 5 wt% NaF and 73 wt%
Al2O3, which were homogenised through tumbling a ball mill
for 4 h. Packs were made by burying the substrates in a pack
powder mixture in a cylindrical alumina retort of 20 mm in
diameter and 35 mm in length, which was then sealed with an
alumina lid and cement. Next, the packs were loaded into an
alumina tube furnace circulated with argon. The furnace
temperature was raised to 1150 1C at a heating rate of
5 1C min1 and sustained for 10 h, followed by cooling of
the furnace to room temperature and keeping the argon gas
ﬂowing. The coated specimens were retrieved from the packs
and then cleaned in an ultrasonic water bath to remove any
residual powders on their surfaces. The coated 2Cr and 14Cr
alloys are hereafter referred to as coating 2Cr sample and
coating 14Cr sample, respectively.
2.3. Oxidation tests
Isothermal oxidation tests were conducted at 1250 1C in an
open-ended tube furnace ﬁlled with static air. The specimens
were removed from the furnace to cool at room temperature for
weight measurements at intervals of 1, 7, 10, 20, 40, 60, 80,
and 100 h, and then put into the furnace for the oxidation tests.
The total period of the oxidation experiment was 100 h. The
mass gains of these specimens were measured continuously
using a precision analytical thermal balance (Model
CPA225D, Germany) with an accuracy of 105 g. To obtain
the average mass gains, three measurements of each coating/
substrate specimen were conducted at each oxidation time.
2.4. Analysis methods
X-ray diffraction (XRD) analysis was performed to identify
the phase constitutions using Cu Kα (λ¼0.15405 nm) radia-
tion at 40 kV and 40 mA (Rigaku D/Max 2500PC). Back-
scattered electron (BSE) images were taken to investigate the
microstructures of the substrates and the coating scale before
and after oxidation using a scanning electron microscope
(SEM, QUANTA600). Phase compositions were determined
using energy-dispersion X-ray spectroscopy (EDS) (EDX,
Oxford Instruments, UK).
3. Experimental results
3.1. Microstructures of substrates and coatings
Typical back-scattered SEM images of the heat-treated 2Cr
and 14Cr samples are shown in Fig. 1. Two types of phases
with clear contrast were found in the 2Cr alloy, in which the
Fig. 1. Microstructures of heat-treated alloys (a) 2Cr alloy and (b) 14Cr alloy.
Fig. 2. XRD patterns conducted on both surfaces of the coating 2Cr and 14Cr
samples.
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silicide. The microstructure with isotropic morphology was
comprised of the NbSS matrix and the α-Nb5Si3 blocks (see
Fig. 1a). For the14Cr samples, three phases with clear contrast
were observed, as shown in Fig. 1b: the white NbSS phase, the
grey α-Nb5Si3 phase and the black Laves C15-Cr2Nb phase.
The C15-Cr2Nb phase mostly distributed in the interstices of
the NbSSþNb5Si3 eutectic colonies (see arrows A in Fig. 1b).
Fig. 2 shows the XRD patterns conducted on the surfaces of
the Y and Al modiﬁed silicide coated 2Cr and 14Cr samples.
The characteristic diffraction peaks of the two complex
intermetallics of (Nb, X)Si2 and (Nb, X)5Si3 (X represents
Ti, Cr, Hf and V elements [8]) were detected in the outer part
of the coating 2Cr sample, while the outer part of the coating
14Cr sample just contained the diffraction peaks of single (Nb,
X)Si2 phase. This result strongly suggests that, although the
pack cementation mixture is same, the phase constitution of the
outer part of the coatings changes with the substrate composi-
tions, particularly the Cr content.
Fig. 3 shows the typical cross-sectional BSE images of the
coating 2Cr sample and the coating 14Cr sample. Both
coatings were dense and continuous with few holes, and they
had a multi-layer structure. For the coating 2Cr sample, the
coating consisted of three layers from the top to the substrate.
The outer layer was approximately 22 μm in thickness,throughout which two phases with clear contrast were
observed: the grey matrix and evenly dispersed light-grey
particles (see Fig. 3a). EDS analysis shown in Table 1 reveals
that the grey matrix is the (Nb, X)Si2 phase and the light-grey
particles are the (Nb, X)5Si3 phase. The middle layer of the
coating was approximately 7 μm in thickness and had an
unique bright (Nb, X)5Si3 phase (see Table 1). The inner layer
above the substrate appeared to be undeveloped; the layer had
a thickness of 4 μm, and most in this layer was identiﬁed to be
the (Nb,Ti)3 (Al, X) phase with high Al content of 15.34 at%.
For the coating 14Cr sample, the coating structure was
different from that of the coating 2Cr sample, as compared Fig.
3b to a. The coating structure with four distinctive layers was
found. Referring to the XRD proﬁle and EDX data presented
in Table 1, the single (Nb, X)Si2 phase with a thickness of
approximately 24 μm was conﬁrmed in the outer layer.
Beneath the outer layer, a bright 8 μm middle layer containing
an unique (Nb, X)5Si3 phase was found, which is similar to
that in the coating 2Cr sample (see Table 1). Note that a white
transition layer with a 2 μm thick was shown at the bottom of
the middle layer, and this thin white layer was identiﬁed to be
the (Ti, Nb) (Al, X) phase. Finally, the grey inner layer in the
coating structure was approximately 5 μm thick and identiﬁed
to be a (Cr, Al)2(Nb,Ti) compound by EDX, with some (Ti,
Nb) (Al, X) blocks developed from the transition (Ti, Nb) (Al,
X) layer.
The results in Table 1 show that the Y contents in each layer of
the coatings to be in the range of 1.18–1.97 at%. This result
suggests that Y was successfully doped into the coatings by the
park cementation process, and, in this case, Y might play a
catalysing role of the volatile halide species (e.g., YCl3
þ , YF3
þ ) to
accelerate growth of the coatings [25]. The middle layer was an
Al-depleted (Nb, X)5Si3 layer, and below this layer, the inner layer
in the coating 2Cr and 14Cr samples and the white layer in the
coating 14Cr alloy signiﬁcantly enriched in Al, with the extent of
the Al enrichment zones depending on the Cr content of the
substrate. For the 14Cr substrate, the Al contents in these layers
were above 21 at%, whereas the Al content was just 15.43 at% for
the 2Cr substrate. Interestingly, the Cr contents in the substrate
result in an obvious Cr difference in the coatings. From top to the
substrate, the Cr content in the coating 2Cr sample was as low as
0.72–2.17 at%; however, in the coating 14Cr sample, the Cr
contents were 3.92 at%, 5.43 at%, 22.48 at% and 31.45 at% in the
Fig. 3. Cross-sectional BSE images of the coating 2Cr sample (a) and (b) the coating 14Cr sample.
Table 1
Compositions and structures of the coating 2r and 14Cr samples.
Sample Coating structure Composition (at%) Phase
Si Ti Cr Nb Al Hf V Y
Coating 2Cr Outer layer (grey martix) 56.21 10.76 0.72 26.29 2.79 0.92 0.85 1.46 (Nb,X)Si2
Outer layer (bright particles) 35.21 14.15 0.77 44.16 0.62 2.49 1.36 1.24 (Nb,X)5Si3
Middle layer 34.51 15.07 1.30 43.34 0.87 2.09 1.64 1.18 (Nb,X)5Si3
Inner layer 1.93 20.80 2.17 55.13 15.34 1.29 1.37 1.97 (Nb,Ti)3(Al,X)
Coating 14Cr Outer layer 57.43 9.95 3.92 23.19 2.68 0.69 0.82 1.32 (Nb,X)Si2
Middle layer 37.88 15.09 5.43 36.55 0.68 1.59 1.25 1.53 (Nb,X)5Si3
White layer 1.32 20.20 22.48 31.06 21.05 1.28 1.34 1.27 (Ti, Nb)(Al,Cr)
Inner layer 3.72 9.81 31.45 27.32 23.44 1.36 1.41 1.49 (Cr,Al)2(Nb,Ti)
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layer and inner layer, respectively. These ﬁndings suggest that the
Cr content in the substrate governs the structure and the
compositions of the coatings. A higher Cr content in the 14Cr
substrate may induce the formation of a multi-layer coating
structure (see Fig. 3b), involving an outer single (Nb, X)Si2 layer
and a Cr2Nb layer ((Cr, Al)2(Nb,Ti) phase), resulting in higher Cr
concentrations of the coating scale.
3.2. Oxidation kinetics curves of the bare and coated samples
at 1250 1C
Fig. 4 presents the oxidation kinetics curves of the coating 2Cr
and 14Cr samples, along with the bare 2Cr and 14Cr substrates,
oxidised at 1250 1C in static air for 100 h. For the bare 2Cr and
14Cr samples, as seen in Fig. 4a, the curves basically show the
characteristics of a parabolic time dependency of the mass gain
after a 2 h transient period of fast oxidation. With the two-phase
NbSS/Nb5Si3 microstructure, the 2Cr sample always showed
higher mass gain, i.e., poorer oxidation resistance, than the 14Cr
alloy, which may be due to the existence of the oxygen resistance
Cr2Nb phase in the 14Cr alloy. For example, the 2Cr alloy
underwent an enormous weight increase of 225 mg/cm2 after air
exposure at 1250 1C for 100 h, whereas, for the 14Cr alloy, the
mass gain was 177 mg/cm2. For both coating samples, the
oxidation kinetics curves show different characteristics with those
of the bare alloys, as shown in Fig. 4b. The mass gain of the
coating 2Cr alloy increased slowly to approximately 12.5 mg/cm2before oxidation for 50 h, and then it abruptly increased during
further air exposure and up to 180 mg/cm2 when oxidised for
100 h, suggesting disastrous failure of the oxide scale upon
oxidation for 50 h. The coating 14Cr sample, however, maintained
a very low mass gain of approximately 6.9 mg/cm2 until the
oxidation time extended to 90 h, which reveals an excellent
oxidation resistance that is currently considerably better than that
of the coating 2Cr sample. During an additional 10 h oxidation,
the coating 14Cr sample exhibited a small increase in the mass
gain of approximately 12.0 mg/cm2. These phenomena strongly
conﬁrm that the coating 14Cr sample has excellent oxidation
resistance compared to the coating 2Cr sample.
3.3. Morphologies of the oxide scale of the bare and the
coating samples
3.3.1. Bare samples
Fig. 5 shows the macro-morphologies of the bare 2Cr and 14Cr
samples isothermally oxidised at 1250 1C for 1 h, 20 h, and 50 h.
At the beginning of oxidation for 1 h, spallation of oxide products
on the 2Cr specimens was observed (Fig. 5a), which reveals the
occurrence of the disastrous oxidation since the spallation may
result in the re-exposure of the fresh substrate to oxygen, and
consequently, leading to higher mass gain by cycle of oxidation-
spallation-exposure. The lamellate spallation occurred in the 2Cr
sample after oxidation for 20 h (Fig. 5b), and the whole specimen
was exhausted by oxygen and became ﬂake-shaped oxide
products (Fig. 5c) when oxidised for 50 h. For the 14Cr alloy,
Fig. 4. Oxidation kinetics curves of the bare alloys (a) and coating samples (b).
Fig. 5. Macro-morphology images of the bare alloys oxidised at 1250 1C for different times, (a)–(c) 2Cr alloy and (a’)–(c’) 14Cr alloy.
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(Fig. 5b’), and the lamellate spallation of the oxide products arised
at an exposure time of 50 h (Fig. 5c’). Fig. 5 directly proves the
poor oxidation resistance of both the bare 2Cr and 14Cr alloys.
3.3.2. The coating 2Cr sample
The macro-morphologies of the coating 2Cr sample air exposed
at 1250 1C for different hours are shown in Fig. 6. At the
beginning of the 20 h oxidation (Fig. 6b), the sample almost
retained the same perfect shape and dense oxide scale as the un-
oxidised sample, whereas sheet spallation of the dark grey oxidewas observed when the sample was air exposed for 50 h (Fig. 6c),
which may correspond to the turning point from the slow mass
gain to the fast mass gain during oxidation shown in Fig. 4,
suggesting the beginning of the disastrous failure. After oxidation
for 100 h, most of the oxide scale spalled out. The SEM images of
Fig. 6a’–c’ and the X-ray proﬁles shown in Fig. 7 reveal the oxide
products of the coating 2Cr sample depend on the oxidation time
at 1250 1C. Some black holes were found on the surfaces of the
oxide scale. An oxide mixture of Al2O3 (ﬂake-like), TiO2 (rod-
like) and SiO2 (glass-like) (Fig. 6a’) formed at the beginning
oxidation, and it remained stable at an air exposure time of 50 h
Fig. 6. Macro- and micro-morphology images and oxide products of the coating 2Cr sample oxidised at 1250 1C for various hours.
Fig. 7. XRD patterns conducted on the surfaces of the coating 2Cr sample
oxidised for 50 h and 100 h.
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oxide scale on the sample surface consisted of TiO2, Al2O3,
Nb2O5, CrNbO4 and SiO2 oxides (Fig. 6c’). The formation of the
Nb2O5 and CrNbO4 indicates the substrate to undergo oxidation.
To understand the oxidation processes, including the struc-
tural evolution of the oxide scale and the oxidation mechan-
isms of the coating 2Cr sample with a two-phase NbSS/Nb5Si3
substrate, a series of fractographic observations was performed
on the cross-sections of the coating 2Cr sample oxidised at
1250 1C for different times in static air. Fig. 8 shows the cross-
sectional morphologies of the coating 2Cr sample oxidised for
various hours. An oxide scale approximately 15 μm in thick-
ness was formed after oxidation for 5 h, as shown in Fig. 8a.
This oxide scale was conﬁrmed to contain oxides of Al2O3, TiO2
and SiO2 by the XRD proﬁle and the EDX data. Beneath the
oxide scale, the original outer (Nb, X)Si2þ (Nb, X)5Si3 coatinglayer and the middle (Nb, X)5Si3 coating layer formed during the
pack cementation process still remained. The thickness of the
outer layer remained at 17 μm, but that of the middle layer
increased up to 27 μm, compared to that of the un-oxidised
coating 2Cr sample. This observation suggests that those two
layers had moved forward to the substrate when air exposed for
5 h. In addition, the pores were observed in the outer layer, which
is believed to be due to the Kirkendall effects resulting from the
outward diffusion of Si and Ti atoms during oxidation [8]. The
undeveloped inner (Nb,Ti)3(Al, X) layer vanished at this moment,
which may be due to the outward diffusion of Al. As the oxidation
time increased to 20 h, the thickness of the oxide scale slightly
increased and those of the outer and middle layers in the coating
scale appeared to be stable, as shown in Fig. 8b. The Kirkendall
pores in the outer coating layer increased at this moment,
compared to that in the sample oxidised for 5 h. When the
coating sample suffered the attack of oxygen for 50 h, the outer
(Nb, X)Si2þ (Nb, X)5Si3 coating layer was consumed and the
middle (Nb, X)5Si3 layer had a residual thickness of only less than
5 μm. Since this time was just beyond the fast oxidation point (see
Fig. 2b), the oxide scale might quickly develop and remain at
45 μm in thickness (see Fig. 8c) when the spallation was excluded.
When the sample was oxidised for 100 h, the coating layer was
completely oxidised, and most of oxide scale spalled (Fig. 8d).
Therefore, the substrate exposure in the air atmosphere to undergo
oxidation results in the formation of Nb2O5 and CrNbO4, as
shown in Figs. 6d and c’.3.3.3. The coating 14Cr sample
Fig. 9 shows the macro-morphologies of the coating 14Cr
sample under air exposure at 1250 1C for 100 h. During the
entire 100 h oxidation process, the coating 14Cr sample exhibited
a perfect shape, and the oxide scale was well preserved, with no
Fig. 8. Cross-sectional images of the coating 2Cr sample after oxidation at 1250 1C for (a) 5 h, (b) 20 h, (c) 50 h and (d) 100 h.
Fig. 9. Macro- and micro-morphology images and oxide products of the coating 14Cr sample oxidised at 1250 1C for various hours.
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the rationality of the kinetics curves of the coating 14Cr sample as
shown in Fig. 4b, i.e., the coating 14Cr sample had an excellent
oxidation resistance and did not fail disastrously under the testing
condition in this study. Enlarged SEM images of Fig. 9a’–c’ and
XRD proﬁles in Fig. 10 determine that an oxide mixture of thegrey TiO2 rods (embedded within SiO2 matrix), the bright Al2O3
dots and the glassy SiO2 matrix always existed on the sample
surface during the entire oxidation period. The oxide mixture was
dense, and no pores were found on the oxide scale, and both of
which protected the substrate from being attacked by oxygen. It is
clear that with an increasing air exposure time, the size and
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disappear. TiO2 and SiO2 are absolutely the dominant oxides, with
much higher fraction than Al2O3, due to greater concentrations of
Si and Ti in the coating scale than that of Al (see Table 1).
Fig. 9a–d shows the colour of the oxide scale change with
the increment of the oxidation time. This colour change of the
oxide scale was mostly relative to the oxide products (size and
fraction) formed at the different oxidation times, especially the
TiO2 oxide in this study. As can be seen in Fig. 9a’ that after
oxidation for 5 h, the SiO2 was the dominant oxide, while the
Al2O3 and TiO2 oxides were quite small in size and fraction; inFig. 10. XRD patterns conducted on the surfaces of the coating 14Cr sample
oxidised for 50 h and 100 h.
Fig. 11. Cross-sectional images of the coating 14Cr sample after oxthis case the oxide scale was grey and green. As the oxidation
time was 50 h, the oxide scale was brown and yellow and the
fraction and size of the TiO2 oxide increased obviously (see
Fig. 9b’). As for the sample oxidised for 100 h, the TiO2 oxide
grew signiﬁcantly and became the dominant oxide product,
resulting in dark brown colour shown on the oxide scale (see
Fig. 9c’).
Fig. 11 shows the microstructural evolution in the oxide scale
of the coating 14Cr sample air exposure at 1250 1C from 5 h to
100 h. Fig. 11a shows that a continuous and compact oxide scale
(OS, approximately 10 μm) formed on the surface after the
oxidation for 5 h. Below the oxide scale, a Kirkendall layer with
pores formed in the original outer (Nb, X)Si2 layer, while the total
thickness of the single (Nb, X)Si2 layer increased to approximately
30 μm. In addition, the middle (Nb, X)5Si3 layer, the transition
(Ti, Nb) (Al, Cr) layer and the inner (Cr, Al)2(Nb, Ti) layer show
a small difference in contrast compared to Fig. 3 but they can still
be roughly distinguished. After oxidation for 20 h, the thickness of
the oxide scale and the density of the pores in the Kirkendall layer
slightly increased, and the transition (Ti, Nb) (Al, Cr) layer and the
inner (Cr, Al)2(Nb, Ti) layer was tracked. At this moment, the
middle (Nb, X)5Si3 fused with the outer (Nb, X)Si2 layer due to
inward diffusion of Nb [8]. With the progress of the oxidation to
50–100 h, the continuous and dense oxide scale was observed to
slowly increase to a thickness of approximately 22–25 μm. Note
the following interesting points: 1) the Kirkendall pores were
limited within a 10–15 μm zone of the (Nb, X)Si2 layer, and the
number and size of the pores naturally increased; and 2) above theidation at 1250 1C for (a) 5 h, (b) 20 h, (c) 50 h and (d) 100 h.
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conﬁrmed to have a similar composition to the inner (Cr, Al)2(Nb,
Ti) layer (Table 1), as shown in Fig. 11c and d. Statistical analysis
indicated that, for the coating 14Cr sample air exposure at
1250 1C for 100 h, the residual coating scale was approximately
30–35 μm in thickness.
4. Discussion
In this investigation, the phase constitution and composition of
the coating structure were considerably changed (see Fig. 3 and
Table 1) as the nominal Cr content in the Nb–15Si–22Ti–(2,14)
Cr–2Al–2Hf–2V substrates increased from 2 to 14 at%, even
though the two substrates were package commentated at the same
cementation mixture. These metallurgical differences include: 1)
the coating structure changing from three layers of the outer (Nb,
X)Si2þ (Nb, X)5Si3 layer/the middle (Nb, X)5Si3 layer/the inner
undeveloped (Nb,Ti)3 (Al, X) layer to four layers of the outer
single (Nb, X)Si2 layer/the middle (Nb, X)5Si3 layer/the transition
(Ti, Nb) (Al, Cr) layer/the inner (Cr, Al)2(Nb, Ti), 2) the Cr
concentrations in each layer increase from 0.71 to 2.17 at% of the
coating 2Cr sample to 3.92–31.45 at% of the coating 14Cr
sample, 3) the inner layer of the coating 14Cr sample had a
higher Al concentration. These metallurgical changes in the
coating structures are believed to be related to the synergetic
inward diffusion of Si, Nb and/or Cr. It could be deduced that in
the outer layer of the coating 14Cr sample, the NbSS, (Nb, X)5Si3
and Cr2(Nb, X) phases in the sample surface may transform into
the single (Nb, X)Si2 phase, which is mainly controlled by the
inward diffusion of Si from cementation mixture, and Nb and Cr
from the NbSS, (Nb, X)5Si3 and Cr2(Nb, X) phases in the
substrate during the pack cementation processing [8]. Without the
Cr2(Nb, X) phase in the 2Cr alloy, no Cr atoms join the inward
diffusion from the sample surface. In this case the co-inward
diffusion of Si from the cementation mixture and Nb from the
NbSS and (Nb, X)5Si3 phases in the sample surface tends to form
the outer combined (Nb, X)Si2þ (Nb, X)5Si3 layer rather than the
single (Nb, X)Si2 layer in the coating 2Cr alloy. On the other, the
inward diffusion of Cr promotes the formation of the (Nb, X)Si2
phase in the outer layer of the coatings in this alloy system;
however, it does not change the middle layer structures for the
middle layers of the coating 2Cr and coating 14Cr samples both
adopt the (Nb, X)5Si3 phase (see Table 1). In addition, the inward
diffusion of Cr strongly affects the coating structures below the
middle layer. As can be seen in Table 1, the coating structures
below the middle layer (white and inner layers) in the coating
14Cr sample have much higher Cr concentration(22.48–31.34 at-
%) due to strongly inward diffusion of Cr from the Cr2(Nb, X)
phase. Such higher Cr concentrations enforce the white and inner
layers to form the TiAl based (Ti, Nb)(Al, Cr) (22.48 at% Cr)
phase and the Cr-dominant Laves Cr2Nb based (Cr, Al)2(Nb, Ti)
(31.34 at% Cr) phase, respectively. Nevertheless, the coating
structure below the middle layer in the coating 2Cr alloy just
adopts the Nb3Al based (Nb,Ti)3 (Al, X) layer for very low Cr
concentration of 2.17 at% due to no inward diffusion of Cr.
Comparison of the compositions in Table 1 indicates that Cr also
promotes inward diffusion of Al in the cementation mixturebecause the transition (Ti, Nb) (Al, Cr) layer and the inner (Cr,
Al)2(Nb, Ti) layer contain more Al; however, Cr might not affect
inward diffusion of Y from the cementation mixture due to even
distribution of Y throughout the coating scale.
Oxidation kinetics curves (Fig. 2) and evolutions of the
macro- and micro-morphologies of the oxide scale of the
coating 2Cr sample (Figs. 6 and 8) and the coating 14Cr
sample (Figs. 9 and 11) suggest that the oxidation behaviours
of both coating samples tightly relates to the coating structure,
the phase constitution and the composition of each coating
layer. First, for the coating 14Cr sample, oxidation is always
restricted in the outer single (Nb, X)Si2 layer (see Fig. 11),
whereas the entire coating scale is completely oxidised for the
coating 2Cr sample (see Fig. 6). The (Nb, X)Si2 phase was
reported to possess superior oxidation resistance, better than
the (Nb, X)5Si3 phase [26]. With a single (Nb, X)Si2 phase;
therefore, the outer layer in the coating 14Cr sample naturally
shows a greater capability to resist the attack of oxygen in the
atmosphere than that of the outer (Nb, X)Si2 and (Nb, X)5Si3
mixture layer in the coating 2Cr sample. In addition, the higher
Cr content in the single (Nb, X)Si2 layer (Table 1) is also
beneﬁcial to the oxidation resistance since Cr reduces oxygen
diffusion and solubility in Nb or Nb/Si silicides [14,15].
From the macro-morphologies, the cross-sectional images
and the oxidation kinetics curve shown in Figs. 6, 8 and 4,
respectively, it is conﬁrmed that in the coating 2Cr sample
disastrous failure begins when is oxidised for 50 h. This
phenomenon is due to spallation of the oxide scale and gradual
consumption of the outer (Nb, X)Si2 and (Nb, X)5Si3 mixture
layer and the middle (Nb, X)5Si3 layer. Fig. 8c and d shows
that only a 5 μm residual (Nb, X)5Si3 layer remained after air
exposure for 50 h and no residual coating or bare substrate was
observed for 100 h. The spallation of the oxide scale is
believed to be due to the huge thermal coefﬁcient difference
between the oxide scale and the residual coating and the
substrate. For the coating 2Cr sample, an intermetallic (Nb,Ti)3
(Al, X) layer existed, which may play a role of adhesive layer
that reduces the thermal coefﬁcient difference between the
oxide scale and the residual coating and substrate, and
increases adhesive force between them, which acts in the
manner that the MCrAlY does in the thermal barrier systems
[27,28]. However, this intermetallic layer quickly disappeared
at 5 h of oxidation; consequently, the spallation of the oxide
scale was inevitable for the coating 2Cr sample when the oxide
scale became thicker. In contrast, the intermetallic (Ti, Nb)
(Al, Cr) and (Cr, Al)2(Nb, Ti) layers in the coating 14Cr
sample were substantial during the entire oxidation period.
Therefore, we can deduce that these intermetallic layers may
act as a transition layer that adheres the oxide scale to the
substrate, thereby avoiding spallation of the dense oxide scale
even when the outer (Nb, X)Si2 phase and the middle (Nb,
X)5Si3 layer have been fully oxidised. Thus, the coating
structure of the coating 14Cr sample controlled by the nominal
Cr content of the substrate shows outstanding oxidation
behaviours; on the other hand, the composition of the substrate
is the key of the oxidation resistance under the same
cementation technique.
S. Zhang et al. / Progress in Natural Science: Materials International 25 (2015) 486–495 495According to the ΔG0–T plots of various oxides [29], the free
energies for formation of these oxides at 1250 1C are in the
following sequence: ΔG0Al2O3oΔG0TiO2 oΔG0SiO2oΔG0-
Cr2O3oΔG0NbO2oΔG0Nb2O5. Due to the lower concentra-
tions of Al and Cr in the outer coating layer compared to those of
Si and Ti (see Table 1), the amount of the Al2O3 oxide was very
small, and the Cr2O3 oxide was not found in the oxide products.
Dispersive TiO2 rods would preferentially form in the SiO2 matrix
during the oxidation process when the Si content was above
55 at%. This result suggests that Al does not directly contribute to
the protection of the substrate in this study, but may promote
formation of the metallic transition layer, as described before. For
the coating 14Cr sample, TiO2 and SiO2 should be mainly formed
by the oxidation of the outer single (Nb, X)Si2 layer, where X
includes greater than 9 at% Ti. A continuous and dense scale
mainly containing SiO2 and TiO2 can efﬁciently prevent oxidation
of the residual coating and the substrate during the entire oxidation
period, as shown in Fig. 9c’. However, non-protective oxides
Nb2O5 and CrNbO4 formed in the coating 2Cr sample at 1250 1C
for 100 h through the following reactions [30] as the coating is
consumed and the substrate is exposed to the atmosphere.
2Nbþ5O - Nb2O5 (1)
2Crþ3O - Cr2O3 (2)
Nb2O5þCr2O3 - 2CrNbO4 (3)5. Conclusions
Al and Y modiﬁed silicide coatings on the Nb–15Si–22Ti–
(2,14)Cr–2Al–2Hf–2V alloys were prepared by co-depositing
Al, Si and Y2O3 at 1150 1C for 10 h. Based on the results of a
study of these coatings, the following conclusions are drawn.
1. The 2Cr alloy consists of Nb solid solution (NbSS) and α-
Nb5Si3 silicide. As the nominal Cr content is sharply
increased up to 14 at%, the microstructure is composed of
NbSS, α-Nb5Si3 silicide and Laves C15–Cr2Nb phase.
2. Even through the co-deposition was performed under the
same pack mixture, the coating structure is changed with
the substrate composition. Both coatings have a multi-layer
structure. The coating 2Cr sample contains the outer (Nb,
X)Si2þ (Nb, X)5Si3 layer, the middle (Nb, X)5Si3 layer and
the inner undeveloped metallic (Nb,Ti)3 (Al, X) layer. For
the coating 14Cr sample, the coating structure consists of
the outer single (Nb, X)Si2 layer, the middle (Nb, X)5Si3
layer, the transition (Nb,Ti) (Cr,Al) layer and the inner (Cr,
Al)2(Nb,Ti) layer.
3. The coating 14Cr sample exhibits better oxidation resis-
tance than the coating 2Cr sample; the mass gains of the
former and the latter are 12.0 mg/cm2 and 180.0 mg/cm2,
respectively, after oxidation at 1250 1C for 100 h. With an
outer single (Nb, X)Si2 layer, a compact oxide scale
consisting of SiO2 and TiO2 forms on the coating 14Cr
sample, which can efﬁciently prevent the substrate fromundergoing oxidation. For the coating 2Cr sample with an
outer (Nb, X)Si2þ (Nb, X)5Si3 layer, the scale of a mixture
of SiO2, TiO2, Nb2O5 and CrNbO4 generate, and the scale
spalls out from the surface of the sample, resulting in
disastrous failure.Acknowledgements
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